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Abstract
Increasing numbers of Hispanic immigrants are entering the US and learning
American–English (AE) as a second language (L2). Previous studies inves-
tigating the relationship between AE and Spanish vowels have revealed an
advantage for early L2 learners for their accuracy of L2 vowel perception.
Replicating and extending such previous research, this study examined the
patterns with which early and late Spanish–English bilingual adults assim-
ilated naturally-produced AE vowels to their native vowel inventory and
the accuracy with which they discriminated the vowels. Twelve early Span-
ish–English bilingual, 12 late Spanish–English bilingual, and 10 monolingual
listeners performed perceptual-assimilation and categorical-discrimination
tasks involving AE /i,I,E,2,æ,A,o/. Early bilinguals demonstrated similar
assimilation patterns to late bilinguals. Late bilinguals’ discrimination was
less accurate than early bilinguals’ and AE monolinguals’. Certain contrasts,
such as /æ-A/, /2-A/, and /2-æ/, were particularly difficult to discriminate
for both bilingual groups. Consistent with previous research, findings sug-
gest that early L2 learning heightens Spanish–English bilinguals’ ability to
perceive cross-language phonetic differences. However, even early bilinguals’
native-vowel system continues to influence their L2 perception.
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1 Introduction
The percentage of immigrants entering the US who are Hispanic has more than doubled
(from 22.4% to more than 47.8%) since the 1990s (US Census Bureau, 2006), when several
studies of speech perception in Spanish–English bilinguals were performed (e.g., Flege,
1991; Flege, Bohn, & Jang, 1997). These immigrants learn American–English (AE) as a
second language (L2). Accurate perception of AE vowels is important for comprehension
of the language, as vowels carry a large part of the speech signal (Kewley-Port, Burkle, &
Lee, 2007). Because speech sound learning is most effective in early childhood (Flege &
MacKay, 2004; Flege, MacKay, & Meador, 1999; Mack, 1989) and may impact social and
professional performance (Agha, 2003; Flege, 1988), it is important to better understand
the L2 perceptual skills of this large population of bilinguals.
The perceptual interaction between native language and non-native speech sounds is
explained through models of cross-language speech perception. Among the most influential
models are the Perceptual Assimilation Model (PAM) for naïve listeners (Best, 1995) and
the Perceptual Assimilation Model for L2 learners (PAM-L2) (Best & Tyler, 2007). The
PAM (Best, 1995) makes predictions about how naïve listeners will assimilate non-native
speech sounds to the phonological categories of their native language. The PAM-L2 (Best
& Tyler, 2007) is an extension of the PAM and distinguishes four assimilation patterns that
occur in L2 learning. This model posits that when both L2 speech sounds in a contrast are
perceived as equivalent to two native categories, discrimination will occur with ease. When
both L2 speech sounds in a contrast are perceived as equivalent to the same native category,
but one is perceived as being more deviant than the other, L2 learners will discriminate
the L2 speech sounds well. With continued L2 exposure, the L2 learner may learn the
deviant speech sound as a variant of the native language speech sound. When the two L2
speech sounds are perceived as equivalent to the same native category and are both equally
good or poor instances of that category, the learner will, at least initially, have difficulty
discriminating the L2 speech sounds in the contrast. Lastly, when both L2 speech sounds
in a contrast are not perceived as a specific native category, but rather as between native
categories, the accuracy in discrimination will depend on the distance in phonological space
between the two speech sounds. That is, if each of the L2 speech sounds has similarities to
native categories that are distant from one another in phonological space, discrimination of
these speech sounds will be relatively easy.
Differences in the native language and L2 vowel inventories may render some L2
vowels more difficult to perceive than others (Best & Tyler, 2007). The AE inventory of 11
vowels (/i/, /I/, /u/, /U/, /e/, /o/, /E/, /2/, /O/, /æ/, /A/) (Strange, Weber, Levy, Shafiro,
Hisagi, & Nishi, 2007) is larger than the Spanish inventory of five vowels: /i/, /u/, /e/, /o/,
and /a/ (Bradlow, 1995). AE vowels include a corresponding tense and lax vowel (/i/- /I/,
/u/- /U/) for each of the high front (/i/) and high back (/u/) vowels found in Spanish. AE
has five mid vowels /e/, /o/, /E/, /2/, and /O/, whereas Spanish has two mid vowels /e/ and
/o/. Additionally, AE has two low vowels (/æ/, /A/) and Spanish has only one low, central
vowel (/a/). Acoustically, AE vowels /i/, /e/, /o/, and /u/ have higher second formant
frequencies than their Spanish counterparts, indicating a more fronted lingual position in
AE than in Spanish (Bradlow, 1995). It might be expected that learning to perceive vowels
of a larger L2 inventory than a listener’s native inventory, as would be the case for native
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Spanish speakers learning AE, might be more difficult than learning to perceive vowels
from a smaller L2 inventory (Bohn & Flege, 1990; Bradlow, 1995; Escudero, 2014; Iverson
& Evans, 2007, 2009; McAllister, Flege, & Piske, 2002).
In addition to the similarities and differences in native language and L2 vowel in-
ventories, factors found to affect accuracy of L2 speech perception include age of learning
the L2 (Archila-Suerte, Zevin, Bunta, & Hernandez, 2011; Flege & MacKay, 2004; Flege,
Schirru, & MacKay, 2003; Flege et al., 1999; Mack, 1989; Piske, Flege, MacKay, & Meador,
2002; Polka & Werker, 1994) and the length of residence (LOR) in the L2 country (Flege,
1991; Flege et al., 1997; Morrison, 2002). The strongest predictor of L2 speech perception
is the age at which L2 is learned (Archila-Suerte et al., 2011; Flege & MacKay, 2004; Flege
et al., 1999, 2003).
Studies examining early and late bilinguals’ L2 vowel perception have shown a strong
advantage for early L2 learning on vowel perception accuracy. For example, Flege et al.
(1999) found that early Italian–Canadian English bilingual listeners performed more simi-
larly to monolingual Canadian English listeners than to late Italian–Canadian English bilin-
gual listeners in a categorial discrimination task containing Canadian–English and Italian
vowels, suggesting that later L2 learning may result in perceptual abilities in the L2 that are
not native-like. Additionally, Archila-Suerte et al. (2011) found that early L2 acquisition in
Spanish–English bilingual listeners resulted in accurate within- and between-categorization
of AE vowels in a similarity judgment task. Conversely, late English exposure resulted in ac-
curate between-categorization of novel L2 vowels for only highly proficient Spanish–English
bilingual listeners. Although vowel contrast /2-A/ posed a challenge for all listeners, these
findings revealed an advantage for early L2 learning.
Although the advantage of early L2 learning for perceptual accuracy is well-
established, findings conflict regarding whether early bilinguals can perceive L2 vowels in
a native-like manner. For example, Mack (1989) found early French–English bilingual lis-
teners’ perceptual patterns to be different from those of AE monolinguals. Additionally,
Pallier, Bosch, and Sebastián-Gallés (1997) found that early exposure to Catalan was not
sufficient for Spanish–Catalan bilingual listeners to discriminate Catalan vowel contrasts in
a monolingual native-like manner. Furthermore, Sebastián-Gallés and Soto-Faraco’s (1999)
study of Spanish–Catalan bilinguals with exposure to Catalan since birth and those with
exposure since the ages of 3 or 4 further demonstrated the effect of age of L2 acquisition on
the identification of Catalan vowels. Vowel perception by the latter group of early bilinguals
was not native-like, despite their exposure to Catalan starting at the young age of 3 or 4.
In contrast, Flege et al. (1999) found native-like discrimination of Canadian–English vowels
by early Italian–English bilingual listeners.
Such inconsistent findings across studies may reflect the participants’ different lan-
guage backgrounds, as well as the use of different experimental procedures and stimuli.
For instance, Mack (1989) examined the identification and discrimination of vowels on a
synthetic continuum. Flege et al. (1999), on the other hand, conducted a categorial dis-
crimination test with natural tokens of each vowel category.
The LOR in the L2 country has also been examined as a factor impacting the accu-
racy of L2 vowel perception by late Spanish–English bilingual listeners. Morrison (2002),
for example, found that Spanish listeners with six months of exposure to an L2 (Cana-
dian–English) identified Canadian–English vowels more accurately than did Spanish lis-
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teners with one month of exposure to the L2. Similarly, Flege (1991) investigated the
identification of AE vowels /i/, /I/, /E/, and /æ/ by late Spanish–English bilinguals who
differed in LOR (4 months vs. 10 years). Listeners were instructed to identify these AE
vowels according to their Spanish equivalents by circling one of the five letters ("a", "e",
"i", "o", "u") or to use the label "none" if they judged the AE vowel to not be a Spanish
vowel. Late bilingual listeners with a longer LOR in the US used the label "none" more
often than those with a shorter LOR in the US, suggesting that their greater L2 exposure
helped separate the listeners’ native and L2 vowel categories.
To our knowledge, no previous study has examined patterns with which Span-
ish–English bilingual adults discriminate naturally-produced AE vowels in relation to how
they assimilate the vowels into their native phonological inventory. Previous studies on
vowel perception by Spanish–English bilinguals have focused on AE vowel discrimination
by early and late Spanish–English bilinguals (Archila-Suerte et al., 2011) and compared
perceptual assimilation patterns and English vowel identification of late Spanish–English
bilinguals to native AE monolinguals (Flege, 1991; Flege et al., 1997; Morrison, 2002).
Other studies have compared early and late Italian–English bilinguals’ vowel perception
(Flege & MacKay, 2004; Flege et al., 1999, 2003). The results of these studies indicate
that individuals who began learning their L2 (English) in childhood perceived English vow-
els more like native English listeners than individuals who began learning English in late
adolescence or early adulthood. However, whether L2 vowel perception in early bilinguals,
and in particular, in early Spanish–English bilinguals, is distinguishable from that of native
listeners requires further investigation (Flege et al., 1999; Mack, 1989).
Additionally, the relationship between AE and Spanish vowels requires more exten-
sive investigation. The relative ease or difficulty in L2 vowel perception depends on the
relationship between L2 vowels and native vowels (Best & Tyler, 2007). Most studies inves-
tigating Spanish–English bilinguals’ L2 vowel perception have focused on the identification
of AE, Canadian–English, and Scottish–English synthetic vowels in an /i/ - /I/ continuum
(Escudero & Boersma, 2004; Flege et al., 1997; Morrison, 2002). AE /2, æ, A/ require
further investigation, given the perceptual challenges these vowels present to non-native
listeners (Archila-Suerte et al., 2011).
Moreover, perception of naturally-produced AE vowels by native Spanish listeners has
received limited attention (Archila-Suerte et al., 2011; Flege, 1991), with more research ex-
amining perception of synthetic Canadian–English, Scottish–English, and British–English
vowels (e.g., Escudero Boersma, 2004; Escudero & Chládková, 2010; Morrison, 2002, 2008).
Speakers’ dialects have been shown to influence listeners’ L2 perception. For example,
Escudero and Chládková (2010) investigated the perception of Standard Southern British
English (SSBE) and AE vowels by monolingual Peruvian Spanish listeners. Listeners assimi-
lated AE and SSBE vowels to different Spanish vowel categories, suggesting a dialect-specific
effect on L2 vowel perception. Thus, especially with the large population of native speak-
ers of Spanish in the United States, further research could shed light on this population’s
perception of AE vowels and suggest appropriate targets for perceptual training.
1.1 The current study
The current study examined the perception of AE vowels in natural speech in the presence
of noise by early and late Spanish–English bilinguals, replicating and extending previous
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examinations of the relationship between English and Spanish vowels (Archila-Suerte et al.,
2011; Flege, 1991). Early and late Spanish–English bilinguals’ discrimination of naturally-
produced AE vowels was examined, as in Archila-Suerte et al. (2011); however, in the
present study, the listeners’ discrimination patterns were also examined in relation to their
perceptual assimilation of the AE vowels into their native phonological inventory, within the
framework of PAM-L2 (Best & Tyler, 2007). Moreover, while Flege (1991) examined late
Spanish–English bilinguals’ identification of naturally-produced AE vowels /i/, /I/, /E/,
and /æ/, the present study investigated both early and late Spanish–English bilinguals’
perceptual assimilation of a larger AE vowels set /i/, /I/, /E/, /2/, /æ/, /A/, and /o/. Ad-
ditionally, the current study provided further data on assimilation patterns in L2 learning,
potentially elucidating the "none" category in Flege’s (1991) study.
The first experiment investigated whether perceptual assimilation of AE vowels would
vary as a function of the Spanish–English bilingual listeners’ language background (early
vs. late bilingual) and the particular vowel. We hypothesized that perceptual assimilation
patterns would differ between early and late bilingual listeners and that late bilingual lis-
teners would accept AE vowels as better instances of their Spanish categories as suggested
by previous studies on cross-language speech perception (Levy, 2009a). Certain AE vowels,
such as /2/ and /æ/, were expected to be more difficult to categorize than others for both
groups of listeners (Levy, Leone, Garcia, & Baigorri, 2010).
In the second experiment, we asked whether discrimination accuracy of AE vow-
els would vary as a function of the listeners’ language background (native AE monolin-
gual vs. early vs. late bilingual) and the particular vowel. We hypothesized that early
Spanish–English bilingual listeners would discriminate AE vowels more accurately than
late Spanish–English bilingual adult listeners, as suggested by previous research (Flege
& MacKay, 2004; Flege et al., 1999, 2003). However, it was unclear whether the early
bilinguals would demonstrate native-like discrimination accuracy. We hypothesized that
L2 vowels that were assimilated to distinct native vowels would yield high discrimination
accuracy. Conversely, we expected low discrimination accuracy for L2 vowels that were
assimilated to a single native vowel category.
2 Methods
2.1 Participants
Three groups of listeners participated in the experiment: 10 native monolingual AE adults;
12 "early" Spanish–English bilingual adults; and 12 "late" Spanish–English bilingual adults.
Both bilingual groups performed a perceptual assimilation and a categorial discrimination
task, whereas the monolingual group performed only the categorial discrimination task.
Participants were between the ages of 18 and 48, with the mean age of 28 years (see Table 1
for participant characteristics). Listeners reviewed and signed Institutional Review Board
consent and completed a language background questionnaire. All passed a bilateral hearing
screening at 20 dB at 500, 1000, 2000, and 4000 Hz and had no reported history of a speech
or language disorder.
The native monolingual AE group of listeners was born and raised in an AE-speaking
environment in the US and had minimal Spanish experience. The "early" bilingual listeners
were born in a Spanish speaking country and immigrated to the US prior to 11 years of
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age, at which time they learned AE. These listeners were raised in a monolingual Span-
ish household and had no English exposure in their native country. "Late" bilinguals were
born in a Spanish speaking country and raised in a monolingual Spanish household. They
immigrated to the US no earlier than 13 years of age. They reported no AE instruction or in-
teraction with AE speakers with any regularity prior to this age. All of the Spanish–English
bilinguals were from Latin American countries (Colombia, Dominican Republic, Ecuador,
Mexico, and Peru). They differed in their country of origin, as, unlike across English di-
alects, vowel production is thought to not differ considerably across Spanish dialects and
a study by Morrison and Escudero (2007) found no significant difference in formant values
between Peruvian and Castilian dialects. It should be noted, however, that even minimal
differences in listeners’ native dialects can yield different perceptual patterns, as demon-
strated by Bohemian Czech versus Moravian Czech listeners’ different assimilation patterns
for Dutch vowels (Chládková & Podlipský, 2011), which is consistent with dialect-related
perceptual differences found by Escudero and Boersma (2004) and Morrison (2008).
It is important to note that definitions for "early" versus "late" bilinguals vary across
studies. The age cutoff selected in the current study was used in previous studies that
defined early bilinguals as individuals who acquired English prior to puberty and late bilin-
guals as individuals who acquired English by the end of or beyond puberty (Johnson &
Newport, 1989; Long, 1990; Shi, 2010).
2.2 Stimuli perceptual assimilation
The AE vowels /i/, /I/, /E/, /2/, /æ/, /A/, and /o/ were selected for the perceptual
assimilation task to provide opportunities for observing various assimilation type patterns
by listeners. The control AE vowel was /o/, expected to be assimilated to Spanish /o/ and
easily discriminated from other AE vowels (Flege, 1991).
Natural speech was used in this experiment, with the following rationale: studies on
the perception of AE vowels by late Spanish–English bilingual listeners have been performed
primarily with synthetic speech stimuli (Flege et al., 1997; Morrison, 2002), with only a
handful of studies using natural speech (Archila-Suerte at al., 2011; Flege, 1991; Flege,
Munro, & Fox, 1994; Fox, Flege, & Munro, 1995). Yet natural speech may be perceived
differently from synthetic speech. For example, Kangas and Allen (1990) found that adult
listeners repeated words in their native language (AE) more accurately when stimuli were
natural speech tokens than when they were synthesized tokens, suggesting that natural
speech may better represent the actual speaking conditions.
In the present study, three female native monolingual AE talkers from the New York
regional area were recorded producing the nonsense word /g@bVp@/ in /g@bVp@/ context in
the carrier phrase "five /g@bVp@/ this time." Consonants /b/ and /p/ preceded and followed
(respectively) the target vowel because these consonants do not involve tongue articulation,
thus minimizing any coarticulatory influence on the target vowels (Levy, 2009a; Strange
et al., 2007). Nonsense words were selected rather than real words to decrease any lexical
effects (Neuman & Hochberg, 1983). A carrier phrase was used rather than vowels or words
in isolation because phrases are more representative of everyday speech than are words or
vowels in isolation. The talkers had minimal exposure to other languages and no history
of speech or language disorders. They passed a bilateral hearing screening at 20dB at 500,
1000, 2000, and 4000 Hz.
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Table 1. Participant characteristics (monolingual = MO; early bilingual = EB; late
bilingual = LB; and n/a = not applicable).
Participant Group Age Gender Age of arrival to the US
101 MO 25 F n/a
102 MO 24 F n/a
103 MO 25 F n/a
104 MO 27 F n/a
105 MO 24 F n/a
106 MO 24 F n/a
107 MO 23 F n/a
108 MO 33 F n/a
109 MO 25 F n/a
110 MO 32 F n/a
201 EB 30 F 6
202 EB 25 F 3
203 EB 18 F 8
204 EB 23 F 8
205 EB 20 F 10
206 EB 19 F 9
207 EB 48 F 6
208 EB 20 F 2
209 EB 24 F 10
210 EB 25 F 2
211 EB 24 F 3
212 EB 34 F 4
301 LB 40 F 17
302 LB 38 F 22
303 LB 28 F 14
304 LB 33 F 21
305 LB 27 F 19
306 LB 23 F 13
307 LB 41 F 26
308 LB 44 F 14
309 LB 39 F 15
310 LB 23 M 14
311 LB 24 F 15
312 LB 39 F 16
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Talkers were recorded in a sound-treated booth in the Speech Production and Percep-
tion Laboratory at Teachers College, Columbia University. Output was recorded through
a Shure (SM58) microphone placed 15 cm from the talker’s mouth and passed through
a Shure (Prologue 200M) mixer to a Turtle Beach Rivera sound card of a Dell Pentium
desktop computer using SoundforgeTM 8.0 software, with a sample rate of 22,050 Hz, 16-bit
resolution, on a mono channel. The experimenter was in the adjoining room and provided
the talker with directions using an intercom. After being familiarized with the written
protocol, talkers read 4 lists, producing 10 utterances (Five g@bVp@ this time), on each
list, which contained stimuli with 9 AE vowel targets (e.g., "Five gabeepa this time" for
/i/). They were instructed to read each utterance as if talking to a good friend. Utter-
ances on lists were randomized and the first utterance and the last utterance contained the
same target vowel. In order to control for list-final intonation effect, the final utterance
was discarded (Strange et al., 2007). The experimenter listened to the recording input
via Sennheiser HD 280 pro headphones. If an utterance contained irregular rate, prosody,
vocal quality, pronunciation, or noise, the talker was instructed to repeat the utterance.
For each vowel, the second and third recording were used as stimuli that were determined
by the primary investigator to contain noise or other distraction. Multiple tokens of the
utterances were used to obtain information on categorial perception rather than physical
discrimination (Gottfried, 1984). Stimuli were entered into the Paradigm software program
(Tagliaferri, 2011) for presentation to the listeners.
2.2.1 Categorial discrimination. The stimuli for the categorial discrimination
experiment were the same as those presented in the perceptual assimilation task. Noise
was added in order to address ceiling effects that could occur in silent environments, as
well as for greater ecological validity, that is, to better reflect the noisy communicative
contexts in which speech sound discrimination typically takes place. Studies on Span-
ish–English bilinguals have focused on vowel perception in quiet conditions. Noisy envi-
ronments can decrease perceptual accuracy of speech, especially of L2 words and sentences
(Adachi, Akahane-Yamada, & Ueda, 2006; Broersma & Scharenborg, 2010; Garcia Lecum-
berri, Cooke, & Cutler, 2010; Ueda, Akahane-Yamada, & Komaki, 2002; von Hapsburg,
Champlin, & Shetty, 2004). However, no noise was added to the stimuli for the perceptual
assimilation task, as this categorial task was not subject to ceiling effects and was designed
to provide as accurate as possible a representation of listeners’ vowel assimilation patterns.
Speech-shaped noise yielding −2 dB signal-to-noise ratio (SNR) was thus added to
stimuli using the Praat v. 5.2.22 program, based on the findings of a pilot study suggesting a
floor effect at -4dB SNR and its use in previous studies (Bradlow & Alexander, 2007; Rogers,
Lister, Febo, Besing, & Abrams, 2006). The following vowel contrasts were tested: /i-I/,
/I-E/, /2-A/, /2-æ/, /æ-A/ and control contrast /A-i/. Experimental contrasts contained
vowels that approximated each other in L2 acoustic vowel space and whose segments were
in close proximity to native vowels, to provide opportunities for examining a range of L2
learning patterns.
2.3 Procedure
2.3.1 Perceptual assimilation. Stimuli were presented via Sennheiser HD 280
pro headphones. Listeners were presented with the carrier phrase with a nonsense word:
"Five /g@bVp@/ this time." They were instructed to "listen to the second vowel sound of the
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word (e.g., gabeepa) and determine which Spanish sound is the best example of that sound
by choosing one of the following Spanish nonsense words: bapo, bepo, bipo, bopo, bupo."
Response options were displayed on the computer monitor and represented the Spanish
vowels /a/, /e/, /i/, /o/, and /u/. Listeners then heard the stimulus again and were
asked to rate the vowel on a scale from 1–9, with (1) indicating "least Spanish-like" and
(9) indicating "most Spanish-like." They were instructed to use the entire spectrum of the
scale. A total of 7,128 responses were collected from 24 listeners (297 from each early and
late bilingual listener).
2.3.2 Categorial discrimination. For each trial, stimuli were produced by the
three different talkers described above, with the order of talkers randomized. Three stimuli
were presented in AXB trials via Sennheiser HD 280 pro headphones. For each contrast,
half of the "same" vowel as the second (middle) stimulus were presented first, and half were
presented third. Participants were instructed to click on "1" if the vowel in the second phrase
was the same as the one in the first phrase and click on "3" if the vowel in the second phrase
was the same as the one in the third phrase. A total of 7,616 responses were collected from
34 listeners (224 from each monolingual and early and late bilingual listener).
2.4 Analysis
Descriptive and inferential statistical analyses were performed on all data by means of
Stata software, version 13 (StataCorp, 2013). To determine whether perceptual assimila-
tion patterns and discrimination accuracy differed as a function of language background and
particular vowel in this study, results were analyzed using a mixed effects logistic regression,
which has been reported to give relatively reliable and robust results for categorical outcome
variables (e.g., the forced-choice variables used in this study) and to be more appropriate
than an analysis of variance approach on transformed data (e.g., arcsine square root trans-
formation; Ferguson, 2012; Jaeger, 2008). These models contain both fixed and random
effects. In this study, fixed effects included vowel or vowel contrast (vowel for the assim-
ilation data and vowel contrast for the discrimination data), group, and their interaction.
Listeners were considered random effects as they are thought of as a random selection of
a much larger population. For all analyses, random slopes for the within-subject predictor
were examined but never retained, either because of convergence failure or because they
did not improve the model fit (as assessed by the likelihood-ratio test) and did not change
the fixed effects component of the models significantly. Main effects and interactions were
assessed using the likelihood-ratio test, and Bonferroni corrected pairwise comparisons were
performed to follow up the significant effects.
A cross-language assimilation overlap method (Levy, 2009b) was used in order to de-
termine whether errors in categorial discrimination were related to the listeners’ perceptual
assimilation patterns. This method quantifies the extent to which perceptual assimilation
for one vowel in a contrast overlaps with the perceptual assimilation of the other vowel in
the contrast. An overlap score was calculated by determining the percentage of responses
that two L2 speech sounds in a contrast were assimilated to the same native category. Vowel
contrasts were ranked according to their overlap scores, which were then compared to the
listeners’ discrimination accuracy to test the prediction by the PAM-L2 (Best & Tyler,
2007) that perceptual assimilation patterns (i.e., greater overlap in assimilation) predict
discrimination accuracy (i.e., poorer discrimination). For example, if two AE vowels were
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assimilated to a single native category yielding a high assimilation overlap score and high
discrimination errors, while two other vowels assimilated to different categories (yielding
a low overlap score) and were discriminated accurately, such patterns would support the
PAM-L2.
Table 2. Perceptual assimilation patterns of American–English (AE) vowels to Spanish
vowels by early bilingual listeners. Percentages chosen for the Spanish vowel responses
selected are presented for each AE vowel stimulus.
AE vowel stimulus Spanish vowel response
/a/ /e/ /i/ /o/ /u/
/i/ 0.0 4.1 95.4 0.4 0.2
/I/ 0.6 48.5 50.0 0.2 0.7
/E/ 4.6 93.5 0.7 0.2 0.9
/æ/ 91.7 7.0 0.2 0.9 0.2
/A/ 82.6 0.4 0.0 10.9 6.1
/2/ 29.4 4.3 0.2 24.4 41.7
/o/ 0.9 0.0 0.0 96.0 3.1
Table 3. Perceptual assimilation patterns of American–English (AE) vowels to Spanish
vowels by late bilingual listeners. Percentages chosen for the Spanish vowel responses
selected are presented for each AE vowel stimulus.
AE vowel stimulus Spanish vowel response
/a/ /e/ /i/ /o/ /u/
/i/ 0.2 3.3 96.3 0.0 0.2
/I/ 0.2 48.9 50.0 0.9 0.0
/E/ 11.3 86.7 0.6 1.5 0.0
/æ/ 82.0 13.5 0.6 3.5 0.4
/A/ 75.0 1.3 0.2 22.8 0.7
/2/ 53.1 6.7 0.7 38.5 0.9
/o/ 0.3 1.5 0.0 97.8 0.3
3 Results
3.1 Perceptual assimilation: Language background and particular vowel effects
Our first research question concerned language background effects on perceptual assimila-
tion of AE vowels. The early bilingual listeners demonstrated similar assimilation patterns
to late bilingual listeners for all vowels; however, the two groups’ goodness ratings for the
vowels differed. Tables 2 and 3 show the Spanish vowel (perceptual assimilation) responses
selected by early bilingual and late bilingual listeners for the AE vowel stimuli presented.
Table 4 displays the modal Spanish vowels chosen by the early and late bilingual listener
groups for all AE vowel stimuli presented. The left-hand column lists the AE vowel stimuli,
followed by the second column, which lists the overall modal Spanish responses chosen. The
column labeled "Mode percentage chosen" indicates the overall percentage of trials for which
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that particular Spanish response was chosen by early and late bilingual listeners. The "Me-
dian rating" indicates the median of goodness ratings on a scale from 1 (least Spanish-like)
to 9 (most Spanish-like) of all of the trials on which bilingual listeners selected the modal
response category.
Overall, median goodness ratings for all vowels increased for listeners with a later age
of L2 acquisition, suggesting that late bilingual listeners perceived AE vowels as more like
their native vowels than early bilingual listeners. Furthermore, the majority of AE vowels
(/I/, /æ/, /A/, /2/, /o/) received high median goodness ratings (6, 6, 6, 6, 7, respectively)
by late bilingual listeners suggesting that late bilingual listeners accepted AE vowels as good
instances of their Spanish category and were possibly less attuned to the differences between
these AE and Spanish vowels than early bilingual listeners (median goodness ratings: 3, 4,
4, 3, 6, respectively). Mixed effects regression indicated a significant difference in goodness
ratings for early and late bilingual listeners, z = 1.97, p = .049.
Table 4. Perceptual assimilation of American–English (AE) vowels by early and late
Spanish bilingual listeners: Percentages chosen for each modal response (most frequent
category chosen) and median goodness ratings (scale from 1–9, with (1) indicating "least
Spanish-like" and (9) indicating "most Spanish-like") are presented for each vowel.
AE stimulus Spanish modal choice Mode percentage chosen Median rating
Early bilingual listeners
/i/ /i/ 95 8
/I/ /i/ 50 3
/E/ /e/ 94 6
/æ/ /a/ 92 4
/A/ /a/ 83 4
/2/ /u/ 42 3
/o/ /o/ 96 6
Late bilingual listeners
/i/ /i/ 96 8
/I/ /i/ 50 6
/E/ /e/ 87 6
/æ/ /a/ 82 6
/A/ /a/ 75 6
/2/ /a/ 53 6
/o/ /o/ 98 7
Regarding particular vowel effects, early and late bilingual listeners perceptually as-
similated AE vowels to Spanish vowels that are acoustically similar to the AE vowels, as seen
in the table 4. For example, early and late bilingual listeners assimilated AE front vowel
/I/ to both Spanish front /e/ (early bilinguals: 49%, late bilinguals: 49%) and Spanish
front /i/ (early bilinguals: 50%, late bilinguals: 50%) and AE front vowel /E/ to Spanish
front /e/ (early bilinguals: 94%, late bilinguals: 87%). For the two groups of listeners,
modes were similar to each other for AE vowels /I/ (50%, 50%) and /E/ (94%, 87%), sug-
gesting that perceptual assimilation of these vowels did not vary as a function of language
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background. Early and late bilingual listeners assimilated AE vowels /æ/ (early bilinguals:
92%, late bilinguals: 82%) and /A/ (early bilinguals: 83%, late bilinguals: 75%) primar-
ily to Spanish low vowel /a/. Spanish modes for AE vowels /æ/ and /A/ increased as a
function of language background, suggesting that earlier age of L2 learning was associated
with more stability in vowel representation for these vowels. Early and late bilingual lis-
teners assimilated AE central vowel /2/ to Spanish central and back vowels. For example,
early bilingual listeners most often assimilated AE /2/ to Spanish /u/ (42%), Spanish /a/
(30%) and Spanish /o/ (24%), and late bilingual listeners assimilated AE /2/ to Spanish
/a/ (53%) and Spanish /o/ (39%). The Spanish modal choice for AE /2/ differed for early
and late bilingual listeners (/u/, /a/, respectively). Additionally, AE vowel /2/ received
a relatively low modal percentage score (42%, 53%) by early and late bilingual listeners
respectively, indicating difficulty or inconsistency in categorizing this vowel.
When early and late bilingual listeners’ responses were compared for each AE vowel
stimulus presented, mixed effects logistic regression indicated a statistically significant dif-
ference in responses for AE vowel /E/, /2/, and /æ/ stimuli. (The complete tables of results
are provided as Supplementary Material.) For example, a significant or approaching signif-
icant difference between early and late bilingual listeners’ responses to AE vowel /E/ was
found for their Spanish vowel response /a/, z = 2.37, p = .018, and for /e/, z = −2.12, p =
.034. Likewise, a significant difference between early and late bilingual listeners’ responses
to AE /2/ was found for their Spanish vowel response /a/, z = 2.43, p = .015, and /u/, z =
−3.66, p < 0.001. Lastly, a significant difference or a trend between early and late bilingual
listeners’ responses to AE vowel /æ/ was found for their Spanish vowel response /a/, z =
−2.6, p = .009, /e/, z = 1.95, p = .051, and /o/, z = 1.92, p = .054.
3.2 Categorial discrimination: language background and particular vowel con-
trast effects
Our second research question asked about language background and specific vowel effects on
categorial discrimination. (The complete tables of results can be found in Supplementary
Material.) Figure 1 displays the percentage correct for each vowel contrast by each listener
group. The AE vowel contrast is along the X-axis and the percentage correct with error
bars representing standard error of the mean in percentage is along the Y-axis. Overall,
discrimination accuracy was highest for monolingual AE listeners (mean accuracy = 97%),
followed by early bilingual (mean accuracy = 80%) and late bilingual listeners (mean ac-
curacy = 66%). Mixed effects logistic regression confirmed a main effect of group, χ2(2) =
45.3, p < 0.001: monolingual listeners performed significantly more accurately than early
and late bilingual listeners, z = −6.24, p < 0.001, and z = −9.21, p < 0.001, respectively,
and early bilingual listeners performed more accurately than late bilingual listeners, z =
−3.45, p = .002. A significant main effect of vowel was found, χ2(4) = 147, p < 0.001.
Results of post-hoc pairwise comparisons indicated significant differences between vowel
contrasts except for /I-E/ versus /I-i/, p = 1, and /2-A/ versus /2-æ/, p = .93.
As seen in the graph in Figure 1, discrimination accuracy varied as a function of the
particular vowel contrast for early and late bilingual listeners (for the interaction effect,
χ2(8) = 21.98, p = .005). Monolingual AE listeners performed close to ceiling for all
vowel contrasts: /i-I/ (99%), /2-æ/ (98%), /I-E/ (96%), /2-A/ (96%), and /æ-A/ (94%). A
descriptive analysis revealed that for early bilingual listeners, higher discrimination accuracy
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was evident for vowel contrasts /I-E/ (91%) and /I-i/ (86%) than for vowels contrasts /2-æ/
(77%), /2-A/ (73%), and /æ-A/ (72%). Similarly, late bilingual listeners showed higher
discrimination accuracy for /I-E/ (78%) and /I-i/ (74%) and showed lower accuracy in
discriminating vowel contrasts /æ-A/ (60%), /2-A/ (59%), and /2-æ/ (57%). Results of post-
hoc pairwise comparisons indicated significant differences for all vowel contrasts between
all listener groups except for vowel contrast /I-E/ between early bilingual and monolingual
listeners, p = .119, and vowel contrast /æ-A/ between early and late bilingual listeners, p
= .086.
Figure 1. Mean discrimination accuracy of American–English (AE) vowel contrasts by
monolingual AE listeners (MO), and early (EB) and late bilingual (LB) listeners.
Percentages correct and standard error of the mean are given.
To determine the relationship between perceptual assimilation and discrimination, a
cross-language assimilation overlap score (Levy, 2009b) was calculated for each vowel con-
trast in each bilingual group and compared with the contrast’s discrimination error score,
as shown in Table 5. The left-hand column lists the vowel contrast and is followed by the
cross-language assimilation overlap score and discrimination percentage error, arranged by
overlap score in ascending order. Visual inspection of the descriptive results revealed vari-
able support for the PAM-L2 (Best & Tyler, 2007). For example, for the control contrast
/i-A/, the AE vowels were perceptually assimilated to different categories (Spanish /i/ and
/a/), yielding a low percentage of cross-language assimilation overlap, 0.92%, 0.73%, re-
spectively, by early and late bilingual listeners. Thus, this contrast was discriminated with
fewer errors, 2.4% and 3.1%, respectively, as would be predicted by the PAM-L2. Similarly,
both segments /æ/ and /A/ were perceptually assimilated to Spanish /a/ by early and late
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bilingual listeners, yielding a higher cross-language assimilation overlap score, 79.8% and
75.9%, respectively, for vowel contrast /æ-A/ when compared to other vowel contrasts. As
expected, the contrast was poorly discriminated by early and late bilingual listeners, which
resulted in higher discrimination errors, 28.5% and 40.1%, respectively, when compared to
other vowel contrasts. However, the contrasts’ similarly high cross-language assimilation
overlap scores yielded quite variable discrimination error scores, which would not be pre-
dicted by the model. Moreover, for early bilinguals, cross-language assimilation-overlap
scores appeared higher for vowel contrasts /I-E/ and /I-i/, 48.3% and 51.3%, respectively,
than /2-æ/ and /2-A/, 32.4% and 42%, respectively. However, discrimination errors were
lower for vowel contrasts /I-E/ and /I-i/, 9.4%, 14.2%, respectively, than for vowel contrasts
/2-æ/ and /2-A/, 22.7% and 26.9%, respectively. Late bilinguals followed variable patterns,
as well, although overall, there was a general increase in discrimination errors with increases
in overlap.
A Spearman rank order correlation indicated a strong correlation between overlap
scores and discrimination errors, ρ = .543, p = .266. However, this correlation did not
reach statistical significance, likely due to the small sample size. When the control contrast
was excluded, the findings were similar. Similarly, for late bilingual listeners, as the cross-
language assimilation-overlap increased, so did discrimination errors, ρ = .829, p = .042.
This suggests that for late bilingual listeners, perceptual assimilation patterns were highly
related to discrimination performance, although results should be interpreted with caution
due to the small sample size.
Table 5. Discrimination accuracy and cross-language assimilation overlap by (early and
late bilingual) listener group and vowel contrast. A cross-language assimilation overlap









/i-A/ 12 0.9 2.4
/2-æ/ 12 32.4 22.7
/2-A/ 12 42.0 26.9
/I-E/ 12 48.3 9.4
/I-i/ 12 51.3 14.2
/æ-A/ 12 79.8 28.5
Late bilingual listeners
/i-A/ 12 0.7 3.1
/I-E/ 12 49.1 22.0
/I-i/ 12 52.8 26.0
/2-æ/ 12 60.8 42.6
/æ-A/ 12 75.9 40.1
/2-A/ 12 76.1 41.0
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4 Discussion
This study aimed to examine differences between AE vowel perception in early and late
Spanish–English bilinguals and to determine whether early bilinguals could perceive AE
vowels in a native-like manner. Results revealed that early L2 learning was associated
with greater ability to perceive cross-language phonetic differences than later L2 learning.
However, even the early bilinguals did not demonstrate native-like perception of AE vowels.
Our findings were, for the most part, consistent with the PAM-L2 (Best & Tyler, 2007) in
that vowels that were assimilated to separate categories by early and late bilinguals in the
current study were often discriminated more accurately than vowels that were assimilated
to the same native category. These results are also in line with previous findings from
cross-language speech perception studies (Archila-Suerte at al., 2011; Flege, 1991; Flege et
al., 1999; Flege & MacKay, 2004; Levy 2009a; Levy & Strange, 2008; Morrison 2002; Pallier
et al., 1997).
4.1 Perceptual assimilation: Language background and particular vowels
The present study provided new information on Spanish–English bilinguals’ perceptual
assimilation patterns. Early and late bilingual listeners consistently assimilated AE front
vowel /E/ to a single native category (Spanish /e/), for example, suggesting that AE /E/
was perceived as a good exemplar of Spanish /e/. Conversely, early and late bilingual
listeners at times assimilated AE vowels to more than one native category. For example,
AE central vowel /2/ was most often assimilated to Spanish back vowels (/u/ and /o/)
and to a Spanish central vowel /a/. This AE vowel may have been assimilated to Spanish
/a/ due to the vowels’ proximity in vowel space (AE vowel /2/: F1 820 Hz, F2 1522 Hz;
Spanish /a/: F1 638 Hz, F2 1353 Hz) (Bradlow, 1995).
Surprisingly, AE vowel /2/ was assimilated to Spanish /u/ in "bupo." However, we
speculate that this finding may be less attributable to perceptual patterns than to native
language orthographic interference during labeling of the stimuli. Specifically, the English
orthographic representation of "u" often corresponds with the AE speech sound /2/; thus,
the listener, when presented with /2/ may have associated the vowel with the English
letter "u" and selected the "bupo" response. (A limitation of the familiarization was that
listeners were not instructed to pronounce stimuli, potentially permitting such orthographic
interference.) Of interest, early bilinguals selected the /u/ response far more often than
late bilinguals, potentially reflecting stronger English interference, that is, greater difficulty
treating the response options as Spanish throughout the task, than did late bilinguals. The
affected response choices may also have contributed to the unclear relationship between
perceptual assimilation and discrimination.
Lastly, early and late bilingual listeners assimilated several AE vowels (AE back
vowel /A/ and AE front vowel /æ/) to a single native category (central Spanish vowel /a/).
Although AE /æ/ and Spanish /e/ are front vowels, listeners may have assimilated AE /æ/
to Spanish /a/ because Spanish /e/ was perceived as a good exemplar of AE vowel /E/.
Overall, the perceptual assimilation patterns found in the present study are simi-
lar to those found in Morrison’s (2008) perceptual assimilation study of Western Cana-
dian–English /i/ and /I/ synthetic vowels by monolingual Mexican–Spanish and monolin-
gual Peninsular–Spanish listeners, Flege’s (1991) identification study of AE /i/, /I/, /E/, and
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/æ/ vowels by late Spanish–English bilingual listeners, as well as Escudero and Chládková’s
(2010) perceptual assimilation study of synthetic SSBE and AE /i/, /I/, /u/, /U/, /E/, /2/,
/O/, /æ/, and /A/ by Peruvian Spanish monolingual listeners, despite the differences in
the listeners’ language backgrounds among studies. As will be discussed further regarding
discrimination patterns, although assimilation and identification of AE /i/ and /I/ have
received considerable attention in the literature (Escudero & Boersma, 2004; Escudero &
Chládková, 2010; Flege, 1991; Flege et al., 1997; Morrison, 2002, 2008), assimilation of AE
/æ/, /A/, and /2/ vowels also appears to pose challenges for native speakers of Spanish,
especially for the late learners, given that single category assimilation patterns likely yield
poor discrimination (Best & Tyler, 2007).
Although similar perceptual assimilation patterns were found between early and late
bilingual listeners in the present study, late bilinguals accepted AE vowels as better in-
stances of their Spanish categories, as indicated by their high median goodness ratings.
This is consistent with Levy’s (2009a) finding that overall median goodness ratings for
Parisian French vowels were higher for AE listeners with minimal French experience than
for AE listeners with extensive French experience, suggesting that listeners perceived L2
vowels as less like their native vowels with increased French language experience. It should
be noted, though, that in the present study, perception by early versus late learners was
examined, rather than that of only late learners with moderate versus extensive (including
immersion) language experience. Therefore, consistent with the PAM-L2, we found evi-
dence that learning to recognize phonetic differences between native and L2 vowels comes
with extensive exposure to the L2.
4.2 Categorial discrimination: language background and particular vowel con-
trast effects
In this study, Spanish–English bilinguals’ early L2 learning was associated with increased
ability to discriminate cross-language phonetic differences, consistent with conclusions from
the cross-language speech perception literature (e.g., Flege & MacKay, 2004; Flege et al.,
1999) and hypothesized at the outset of the study. Our finding that monolingual AE
listeners discriminated AE vowels most accurately, followed by early bilingual and late
bilingual listeners is in line with, for example, Flege and MacKay’s (2004) and Flege et al.’s
(1999) findings that early Italian–English bilinguals discriminated Canadian–English vowels
more accurately than late Italian–English bilinguals. The significant language background
and experience effects are also consistent with Levy’s (2009b) and Levy and Strange’s (2008)
finding that late bilingual listeners who had studied French as an L2 discriminated most
French vowels more accurately than non-French-speaking AE listeners. Furthermore, AE
listeners with extensive French immersion experience discriminated Parisian French vowel
contrasts more accurately than AE listeners with only formal French experience (Levy,
2009b). However, in the present study, although discrimination accuracy of L2 vowels
improved with early age of L2 learning (mean age = 5 years), early bilingual listeners’ vowel
discrimination was not native-like, suggesting that early bilingual listeners’ native vowel
system may continue to influence their L2 vowel perception. These findings are consistent
with Pallier et al. (1997), who found that early Spanish–Catalan bilingual listeners had
difficulty discriminating Catalan vowel contrasts despite their early exposure to Catalan,
but differ from Flege et al. (1999) who did find native-like discrimination by Italian–English
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bilingual listeners as their performance did not significantly differ from Canadian–English
monolingual listeners.
The inconsistency of the current findings with those of Flege et al.’s (1999) study may
be due to variables such as the different ages of participants. The early bilinguals examined
in the current study had learned their L2 prior to 12 years of age, and were a mean age of
26 years at the time of testing. The participants examined in Flege et al.’s (1999) study, in
contrast, were first exposed to their L2 at 7 years of age and were a mean age of 48 at the
time of testing and were therefore more likely to have used their L2 for a longer period of
time, which may have impacted results. Thus, further examination of length of L2 use is
needed to ascertain its effect on L2 vowel perception by early bilingual listeners.
Individual differences among early bilingual listeners in the present study may have
influenced their perceptual accuracy. For example, the early bilinguals’ daily use of Spanish
varied considerably (25% vs. 75%). High use of a native language may affect the perception
of phonetic properties of the native language despite listeners’ early age of L2 learning (Flege
& MacKay, 2004). Additionally, in the present study, LOR varied among early bilingual
listeners (10 vs. 42 years), also potentially impacting the accuracy of L2 vowel perception
(Flege, 1991; Flege et al., 1997; Morrison, 2002). Further studies with more participants
are needed to control for such factors confounded with age of L2 learning.
Discrimination accuracy varied as a function of the particular vowel contrast in this
study, suggesting that the relationship between Spanish and AE vowel inventories causes
some vowels to be more difficult to discriminate than others. Higher discrimination accuracy
was revealed when AE vowels were assimilated to distinct native vowels. For example,
the control contrast /A-i/, which contains vowels distant in vowel space, resulted in few
discrimination errors.
Other assimilation patterns were also evident. For example, although early and late
bilingual listeners assimilated each AE vowel in the contrast /I-E/ to Spanish /e/, they
assimilated AE /E/ to the Spanish /e/ category more often than they assimilated AE /I/
to that category. Therefore, AE vowel /E/ may have been perceived as a "better instance"
of Spanish /e/ than AE vowel /I/, yielding moderate to very good discrimination accuracy
according to the PAM-L2 (Best & Tyler, 2007).
Additionally, the vowel contrast /I-i/ was discriminated with higher accuracy than
vowel contrasts /2-æ/, /2-A/, and /æ-A/ by all groups of listeners. Despite the proximity of
these vowels in vowel space, each AE vowel was assimilated to two different native vowels
(Spanish /e/ and /i/), which resulted in fewer discrimination errors. This finding conflicts
with previous studies that indicate poor discrimination accuracy for the AE /I-i/ vowel
contrast (Escudero & Chládková, 2010; Morrison, 2002, 2008). However, it should be noted
that previous studies included different English dialects (Scottish, British, and Canadian
English synthetic vowels) and participants (Spanish monolingual listeners). Perceptual
learning patterns are also expected to change throughout the process of L2 learning. Thus,
the reasons for the inconsistent findings cannot be ascertained, but are of interest for future
exploration.
Conversely, AE vowel contrasts that included AE central vowel /2/, such as /2-æ/ and
/2-A/ were discriminated with poorer accuracy. Findings from Archila-Suerte et al.’s (2011)
study also indicated poor discrimination of /2-A/ by bilingual listeners. In the present study,
listeners assimilated the vowels in each of these contrasts to a single native vowel (Spanish
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/a/). Vowel contrast /æ-A/, containing two low vowels, was also discriminated poorly. These
findings support the hypothesis that L2 vowels will be discriminated less accurately if both
L2 vowels are assimilated to instances of a single native language vowel (Best & Tyler,
2007). Because of the perceptual challenges the contrasts pose, these contrasts might be
of particular importance in the design of perceptual training programs for native Spanish
listeners learning English.
By examining the relationship between native and L2 vowels through the framework
of the PAM-L2 (Best & Tyler, 2007), predictions can be made regarding the listeners’ pat-
terns of L2 perceptual learning. Previous cross-language speech perception studies have
tested predictions proposed by the PAM with naïve learners, that is, those new to learning
(or listening to) the unfamiliar language. For example, Fabra and Romero (2012) found
that late Catalan learners of English varying in English proficiency demonstrated poor dis-
crimination when AE vowels were assimilated in a single category assimilation type pattern
and good discrimination when vowels were assimilated in a category goodness assimilation
type pattern.
In the present study, the predictions were examined for listeners with far more exten-
sive language experience than in Fabra and Romero’s (2012) Catalan study. The PAM-L2
(Best & Tyler, 2007) was supported for the most part in our finding of a strong correla-
tion between perceptual assimilation patterns and discrimination errors. The absence of
statistical significance could be a reflection of the small sample size and/or of certain vowel
pairs’ unpredicted discriminability—and this varied with L2 experience. For example, while
the /I-E/ contrast showed similar overlap scores in early and late bilinguals, late bilinguals
revealed 22% discrimination errors, whereas early bilinguals had only 9.4% discrimination
errors for this contrast, suggesting far greater ease of discrimination (but little assimilation
difference) with early L2 experience. A different pattern was evident for contrasts involving
the AE central vowel /2/, with early bilinguals showing less assimilation overlap of this
vowel with other vowels, and, as predicted, fewer discrimination errors involving this speech
sound. However, unlike /I-E/, discrimination was consistently relatively poor for /2/ con-
trasts, even for listeners with early AE experience, who revealed 25% discrimination errors.
Thus, when individual contrasts’ perceptual patterns are examined, the learnability of par-
ticular speech sounds appears to differ in the domains of assimilation versus discrimination,
resulting in the relationship between assimilation and discrimination and the predictability
of discrimination accuracy differing as a function of age of acquisition of L2 vowels.
4.3 Limitations and future directions
By examining several non-native contrasts with various assimilation patterns, it was pos-
sible to test the predictions of the PAM-L2 regarding the changes that occur in L2 vowel
learning as listeners gain experience. Especially with the increasing numbers of Hispanic
immigrants who are entering the US (US Census Bureau, 2006) and learning AE as a L2,
this information is valuable in that inaccurate speech-sound perception may negatively im-
pact communication in social, academic and professional settings (Agha, 2003; Flege, 1988).
Findings on the perceptual assimilation and discrimination of AE vowels by Spanish–English
bilinguals may thus assist professionals working with this population. For example, know-
ing the AE contrasts that are perceived least accurately by native Spanish listeners (e.g.,
/2-æ/, /2-A/, and /æ-A/) may be of use in the development of training programs that tar-
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get perceptual accuracy of these challenging contrasts as early as possible in the listeners’
learning of the L2.
It is important to note the methodological limitations of this study. For example,
the stimuli were uttered by only three native AE talkers who were all from the New York
regional area for consistency of dialect. Previous studies have shown that the dialect of
the speaker’s language may have an effect on the way vowels are perceived by non-native
listeners (Escudero & Chládková, 2010). Additionally, the vowels were presented in one
(bilabial) consonantal context, although alveolar context, for example, can yield different
perceptual assimilation and discrimination patterns from bilabial context in L2 learners
(Levy, 2009b; Levy & Strange, 2007). Such factors limit the generalizability of the results.
Lastly, Spanish listeners’ perception of other non-native sounding AE vowels, such as /@/,
/Ç/, /Ä/, should be investigated in future studies.
A further limitation of the study was the complexity of the listeners’ language his-
tories. Listeners in this study came from diverse language backgrounds with a range of
continued use of the native language and LOR in the L2 country. These factors have been
found to affect accuracy of L2 speech perception (Flege, 1991; Flege & MacKay, 2004; Flege
et al., 1997; Levy, 2009b; Levy & Strange, 2008; Morrison, 2002, 2008). Additionally, lis-
teners from various Latin American countries with different dialects were grouped together,
which may have obscured perceptual differences between listeners (Chládková & Podlipský,
2011; Escudero & Boersma, 2004; Morrison, 2008). An analysis grouping the listeners by
continued use of the native language, dialect, and LOR, may reveal perceptual differences
in the listeners. Future studies with more participants could allow subgroup comparisons
without loss of statistical power. Additionally, future studies with a greater age gap be-
tween listener groups, as well as correlational studies, could further clarify commonalities
and differences between early and late L2 learners.
Additionally, examining the relationship between perception and production of L2
vowels (Flege et al., 1997, 1999; Jia, Strange, Wu, Collado, & Guan, 2006; Levy & Law,
2009) will further shed light on repercussions for communication in the L2 environment.
Finally, an extension of this study to children’s AE vowel perception would help document
changes in native-Spanish speaking children’s L2 perception and serve as a foundation
to investigate perceptual challenges experienced by native Spanish-speaking children with
communication disorders who are faced with a new phonological inventory.
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Table S1. Experiment 1 (Perceptual Assimilation). Summary of mixed effects logistic







EB (%) LB (%) Odds Ratio Std. Err. z p 95% CI
/i/
/a/ 0 0.2 —
/e/ 4.1 3.3 1.286 0.978 0.33 .741 [0.29; 5.707]
/i/ 95.4 96.3 0.82 0.545 −0.3 .766 [0.223; 3.02]
/o/ 0.4 0 —
/u/ 0.2 0.2 1 1.416 0 1 [0.062; 16.03]
/I/
/a/ 0.6 0.2 0.332 0.384 −0.95 .34 [0.034; 3.203]
/e/ 48.5 48.9 0.625 0.691 −0.42 .671 [0.072; 5.459]
/i/ 50 50 1.857 2.058 0.56 .577 [0.212; 16.301]
/o/ 0.2 0.9 5.019 6.443 1.26 .209 [0.405; 62.135]
/u/ 0.7 0 —
/E/
/a/ 4.6 11.3 3.393 1.748 2.37 .018 [1.236; 9.312]
/e/ 93.5 86.7 0.38 0.173 −2.12 .034 [0.156; 0.929]
/i/ 0.7 0.6 0.749 0.574 −0.38 .706 [0.167; 3.361]
/o/ 0.2 1.5 8.167 9.076 1.89 .059 [0.925; 72.11]
/u/ 0.9 0 —
/æ/
/a/ 91.7 82 0.39 0.141 −2.6 .009 [0.192; 0.794]
/e/ 7 13.5 2.197 0.888 1.95 .051 [0.995; 4.851]
/i/ 0.2 0.6 2.989 3.864 0.85 .397 [0.237; 37.654]
/o/ 0.9 3.5 3.839 2.683 1.92 .054 [0.976; 15.107]
/u/ 0.2 0.4 2.004 2.457 0.57 .571 [0.181; 22.163]
/A/
/a/ 82.6 75 0.679 0.482 −0.54 .586 [0.169; 2.733]
/e/ 0.4 1.3 4.407 5.537 1.18 .238 [0.375; 51.721]
/i/ 0 0.2 —
/o/ 10.9 22.8 1.834 1.274 0.87 .383 [0.47; 7.156]
/u/ 6.1 0.7 0.174 0.223 −1.37 .172 [0.014; 2.141]
/2/
/a/ 29.4 53.1 9.729 9.122 2.43 .015 [1.549; 61.119]
/e/ 4.3 6.7 1.675 1.171 0.74 .461 [0.426; 6.59]
/i/ 0.2 0.7 4.022 4.504 1.24 .214 [0.448; 36.105]
/o/ 24.4 38.5 2.545 1.837 1.29 .196 [0.618; 10.477]
/u/ 41.7 0.9 0.001 0.001 −3.66 <.001 [0; 0.035]
/o/
/a/ 0.9 0.3 0.332 0.384 −0.95 .34 [0.034; 3.2]
/e/ 0 1.5 —
/i/ 0 0 —
/o/ 96 97.8 0.972 1.304 −0.02 .983 [0.07; 13.485]
/u/ 3.1 0.3 0.415 1.19 −0.31 .759 [0.002; 114.374]
SUPPLEMENTARY MATERIAL 2
Table S2. Experiment 2 (Categorical Discrimination). Summary of mixed effects logistic
regression analysis for the effects of Group and Vowel contrast on response accuracy.
Fixed Effect Estimate(SE) z p 95% CI
/I-i/ 1.056(0.534) 1.98 0.048 [0.01; 2.103]
/æ-A/ −0.541(0.359) −1.51 0.131 [−1.244; 0.162]
/2-æ/ 0.574(0.458) 1.25 0.21 [−0.324; 1.473]
/2-A/ −0.082(0.39) −0.21 0.834 [−0.845; 0.682]
group-EB −0.892(0.433) −2.06 0.04 [−1.742; −0.043]
group-LB −2.098(0.415) −5.06 <.001 [−2.911; −1.285]
/I-i/ × EB −1.55(0.579) −2.68 0.007 [−2.684; −0.415]
/I-i/ × LB −1.28(0.559) −2.29 0.022 [−2.374; −0.185]
/æ-A/ × EB −0.898(0.414) −2.17 0.03 [−1.71; −0.087]
/æ-A/ × LB −0.344(0.391) −0.88 0.379 [−1.111; 0.423]
/2-æ/ × EB −1.681(0.504) −3.33 0.001 [−2.67; −0.692]
/2-æ/ × LB −1.564(0.484) −3.23 0.001 [−2.513; −0.615]
/2-A/ × EB −1.269(0.441) −2.87 0.004 [−2.134; −0.403]
/2-A/ × LB −0.839(0.42) −2 0.046 [−1.662; −0.016]
Intercept 3.395(0.353) 9.61 <.001 [2.703; 4.088]
Random Effect
Intercept 0.393(0.123) [0.212; 0.727]
Note. EB = early bilingual; LB = late bilingual. Monolingual AE listeners are the
reference group.
SUPPLEMENTARY MATERIAL 3
Table S3. Experiment 2 (Categorical Discrimination). Pairwise comparisons for the effect
of Group on discrimination accuracy. P values are corrected for multiple comparisons
using the Bonferroni method.
Comparison Estimate(SE) z p 95% CI
EB vs MO −1.985(0.318) −6.24 <.001 [−2.609; −1.361]
LB vs MO −2.913(0.316) −9.21 <.001 [−3.533; −2.293]
LB vs EB −0.928(0.269) −3.45 .002 [−1.455; −0.401]
Note. EB = early bilingual; LB = late bilingual; MO = monolingual.
SUPPLEMENTARY MATERIAL 4
Table S4. Experiment 2 (Categorical Discrimination). Pairwise comparisons for the effect
of Vowel contrast on discrimination accuracy. P-values are corrected for multiple
comparisons using the Bonferroni method.
Comparison Estimate(SE) z p 95% CI
/I-E/ vs /I-i/ −0.058(0.185) −0.31 1 [−0.577; 0.462]
/æ-A/ vs /I-i/ −1.037(0.169) −6.13 <.001 [−1.512; −0.563]
/2-æ/ vs /I-i/ −0.628(0.189) −3.32 .009 [−1.16; −0.097]
/2-A/ vs /I-i/ −0.883(0.175) −5.05 <.001 [−1.375; −0.392]
/æ-A/ vs /I-E/ −0.98(0.14) −7.01 <.001 [−1.372; −0.587]
/2-æ/ vs /I-E/ −0.571(0.164) −3.49 .005 [−1.03; −0.112]
/2-A/ vs /I-E/ −0.826(0.147) −5.62 <.001 [−1.238; −0.414]
/2-æ/ vs /æ-A/ 0.409(0.145) 2.82 .048 [0.002; 0.816]
/2-A/ vs /æ-A/ 0.154(0.126) 1.22 <.001 [−0.199; 0.507]
/2-A/ vs /2-æ/ −0.255(0.152) −1.68 .933 [−0.682; 0.171]
SUPPLEMENTARY MATERIAL 5
Table S5. Experiment 2 (Categorical Discrimination). Pairwise comparisons for the
Group × Vowel contrast interaction on discrimination accuracy. P values are corrected for
multiple comparisons using the Bonferroni method.
Comparison Estimate(SE) z p 95% CI
/I-i/
EB vs MO −2.442(0.549) −4.45 <.001 [−3.517; −1.367]
LB vs MO −3.377(0.541) −6.24 <.001 [−4.438; −2.317]
LB vs EB −0.936(0.315) −2.97 .009 [−1.553; −0.318]
/I-E/
EB vs MO −0.892(0.433) −2.06 .119 [−1.742; −0.043]
LB vs MO −2.098(0.415) −5.06 <.001 [−2.911; −1.285]
LB vs EB −1.205(0.334) −3.61 .001 [−1.861; −0.55]
/æ-A/
EB vs MO −1.791(0.369) −4.86 <.001 [−2.513; −1.068]
LB vs MO −2.442(0.365) −6.69 <.001 [−3.157; −1.727]
LB vs EB −0.651(0.298) −2.19 .086 [−1.235; −0.068]
/2-æ/
EB vs MO −2.573(0.469) −5.49 <.001 [−3.492; −1.654]
LB vs MO −3.661(0.464) −7.89 <.001 [−4.571; −2.752]
LB vs EB −1.088(0.301) −3.62 .001 [−1.678; −0.499]
/2-A/
EB vs MO −2.161(0.4) −5.41 <.001 [−2.944; −1.378]
LB vs MO −2.937(0.396) −7.42 <.001 [−3.713; −2.161]
LB vs EB −0.776(0.298) −2.6 .028 [−1.361; −0.191]
Note. EB = early bilingual; LB = late bilingual; MO = monolingual.
